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ABSTRACT 

This paper presents the analysis of three-dimensional evolution of solar wind density turbulence 
and speed at various levels of solar activity between solar cycles 22 and 24. The solar wind data 
used in this study has been obtained from interplanetary scintillation (IPS) measurements made 
at the Ooty Radio Telescope, operating at 327 MHz. Results show that (i) on the average, there 
was a downward trend in density turbulence from the maximum of cycle 22 to the deep minimum 
phase of cycle 23; (2) the scattering diameter of the corona around the Sun shrunk steadily towards 
the Sun, starting from 2003 to the smallest size at the deepest minimum, and it corresponded to a 
reduction of ^50% in density turbulence between maximum and minimum phases of cycle 23; (3) The 
latitudinal distribution of solar wind speed was significantly different between minima of cycles 22 
and 23. At the minimum phase of solar cycle 22, when the underlying solar magnetic field was simple 
and nearly dipole in nature, the high-speed streams were observed from poles to ~30° latitudes in 
both hemispheres. In contrast, in the long-decay phase of cycle 23, the sources of high-speed wind 
at both poles, in accordance with the weak polar fields, occupied narrow latitude belts from poles to 
~60° latitudes. Moreover, in agreement with the large amplitude of heliospheric current sheet, the 
low-speed wind prevailed the low- and mid-latitude regions of the heliosphere. (4) At the transition 
phase between cycles 23 and 24, the high levels of density and density turbulence were observed close 
to the heliospheric equator and the low-speed speed wind extended from equatorial- to mid-latitude 
regions. The above results in comparison with Ulysses and other in-situ measurements suggest that 
the source of solar wind has changed globally, with the important implication that the supply of 
mass and energy from the Sun to the interplanetary space has significantly reduced in the prolonged 
period of low level of solar activity. The IPS results are consistent with the onset and growth of the 
current solar cycle 24, starting from middle of 2009. However, the width of the high-speed wind at the 
northern high latitudes has almost disappeared and indicates that the ascending phase of the current 
cycle has almost reached near to the maximum phase at the northern hemisphere of the Sun. But, in 
the southern part of the hemisphere, the solar activity has yet to develop and/or increase. 
Subject headings: scattering, turbulence, Sun: corona, Sun: solar cycle, evolution, magnetic fields, 
rotation, solar wind 



% 



1. INTRODUCTION 

The behavior of the Sun before the transition between 
solar cycles 23 and 24 exhibited very unusual longest and 
deepest minimum of activity. At the long-decay phase, 
the magnetic configuration of the Sun went through re- 
markable changes, which were different from those ob- 
served at the corresponding previous minimum phase. 
For example, the number of days without sunspot was 
large (more than 800 days at the deep minimum phase, 
compared to ^300 days at the minimum of cycle 22) and 
the fluxes of extreme ultraviolet, soft X-ray, and radio 
intensity at 10.7 cm reached the lowest levels. More- 
over, unusually long-lasting high-speed streams from low- 
latitude coronal holes of open magnetic field lines and 
their interaction with low-speed flows from closed field 
corona resulted in a complex heliosphere of low speed 
and density. The reasons for the long duration as well as 
depth of the peculiar minimum have been much studied, 
in terms of solar interior characteristics, manifestation of 
sunspot, polar field strength, transmission of solar wind, 

mano@ncra.tifr. res. in 



shaping of heli osphere, g eo-effect iveness, solar irradiance 
etc. (see, e.g., Basu ct al. 2010; Fcvnman & Ruzmaikin 
20111: 1 Jian et al.l l2011t iLallement et all 120101: iLee et al 
2009; Lo ct al. 2010; Mano haranll2010bl ilMcComas et al 
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Tokumaru et al.ll2010( ). An international campaign on 



'Whole Heliosphere Interval' was also organized to study 
the three-dimensional aspects of 'solar-heliospheric- 
planetary connected system'. The period of the cam- 
paign covered a part of the deep minimum phase (i.e., 
Carrington Rotation 2068, 20 March - 16 April 2008) 
and included studies from low solar photosphere, through 
interplanetary space, and down to Earth's mesosphere 
(e.g., Thompson et al. 2011). 

The extended decay of the cycle 23 and the later 
than expected onset of cycle 24, provided opportunity 
to examine the link between the solar activity and 
three-dimensional heliosphere. In principle, the three- 
dimensional view of the solar wind can be inferred by the 
radio remote sensing interplanetary scintillation (IPS) 
technique, which can provide estimates of solar wind 
speed and density turbulence. Several authors employed 
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the IPS technique and studied the changes of solar wind 
as functions of helio latitude and distance as well as over 
solar cycle and compared them with three-dimensional 
coronal density and magnetic field structures on the Sun 
(e.g., Rickett & Coles 1991; Kojima & Kakinuma 1990; 
Manoharan 1993, 1995, 1997; Manoharan et al. 1994). 
Recently, based on IPS observations from STELab, a dis- 
tinct decrease in solar wind speed at the high-latitude re- 
gions of the heliospherc was revealed for the solar cycle 
23 (jTokumaru et al.|[20loh . 

In the present study, the large IPS data base col- 
lected from the Ooty Radio Telescope, operated by Ra- 
dio Astronomy Centre, Tata Institute of Fundamental 
Research, India, at 327 MHz (Swarup et al. 1971), has 
been employed to analyze the three-dimensional distribu- 
tions of solar wind density turbulence and speed at dif- 
ferent levels of solar activity during 1985-2011. It is the 
detailed study of preli minary results p resented in a con- 
ference proceeding (Manoharan 20103) and covers more 
than 2 solar cycles. The careful examination of conse- 
quences of various levels of Sun's activity embedded in 
the solar wind gives the insight into the fundamental 
physical processes involved in shaping the heliosphere. 
The paper is structured as follows: a brief description of 
IPS observation is given in Section 2. The next section 
covers the results on distribution of density turbulence 
at different phases of solar cycles 22-24. The latitudinal 
changes of solar wind speed from IPS and Ulysses space- 
craft are discussed in Section 4. In Section 5, measure- 
ments obtained from near-Earth spacecraft are discussed. 
Section 6 summaries the results and discussion. 

2. INTERPLANETARY SCINTILLATION 

The IPS technique exploits the scattering of radio 
waves from a distant compact source of angular size, 9 < 
500 milliarcsec (e.g., a radio galaxy or q uasar), by the 
density turbulenc e in the solar wind (e.g. , Hcwis bTet al.1 
1964UColeslll978l: IManoharan fc Ananthakrishnanlll990l 
Koiima et al. 2004). The measurable quantity in an IPS 
observation is the time series of intensity fluctuations, 
resulting from the radio-wave scattering caused by the 
plasma density irregularities converted at the speed of 
the solar wind and it includes irregularity structure of 
spatial scales from about the size of Fresnel scale and 
down below. For example, the IPS used in this study, at 
327 MHz, can probe turbulence scales below 400 km. A 
suitable calibration of the temporal spectrum of inten- 
sity fluctuations can provide the solar wind speed (e.g., 
Mano haran &: A nanthakrishnan 1990; Manohara n et al.1 
200fl|Tokumaru et alJll994L 120111 : lYamauchi et al.lll996l 
1998; Liu et al.ll2010 ) and th e scintillation ind ex, m (e.g., 
ColeJl978HManoharaj]|1993HAsai et al.lll998t ). The scin- 
tillation index, m, is a measure of electron-density tur- 
bulence in the solar wind (m 2 ~ J SN^(z) dz), along 
the line of sight (z) to the radio source (e.g., Manoharan 
1993; Manoharan et al. 2000). 

An IPS measurement therefore represents the integra- 
tion along the line of sight to the radio source. How- 
ever, since most of the scattering power is concentrated 
at the point of closest approach of the line of sight to 
the Sun, as given by the typical steep radial fall of den- 
sity turbulence, SN^(R) ~ R~ 4 , the IPS basically probes 
properties of the solar wind at the region of_the clos- 
est solar offset on the source-Earth path (|Colesl H9781 : 



IManoharan! Il993[ ). In fact, the line of sight integration 
can pose a problem when a short-lived solar wind tran- 
sient of enhanced density turbulence and speed with re- 
spect to the ambient solar wind is studied based on a 
single IPS observation, which may lead to positional un- 
certainty along the integration path. However in the 
present study, the high-level of scintillation associated 
with solar wind transients, e.g., coronal mass ejections 
(CMEs), have been removed. In the case of slowly vary- 
ing large-scale ambient solar wind, an IPS observation 
can only systematically underestimate the solar wind by 
~5-1 0% (|Manoharan et al.lll994L 120001 lYamauchi et~atl 
1996). Moreover, when a day-to-day monitoring of IPS 
is made on a large number of scintillators having differ- 
ent lines of sight, cutting across different parts of the 
heliosphere, it can probe the substantial portion of the 
inner heliosphere. Such data sets are extremely useful 
to study the evolution of large-scale featur es of the so- 
lar w i nd ove r an extended period of time (|Manoharanl 
120061 l2010 a.bV Since the primary aim of the present 
study is to understand the three-dimensional changes of 
large-scale structure of solar wind over a long period of 
time (e.g., at time scales of fraction of a year to solar 
cycle) , no attempt has been made to remove the system- 
atic line-of-sight integration effect included in the IPS 
observation. 

In this study, a large amount of IPS data collected 
during 1985-2011 from the Ooty Radio Tel escope (ORT), 
operating at 327 MHz (jSwarup et al.lll97l"l ). has been em- 
ployed. This set of IPS data from Ooty probed the solar 
wind in the heliocentric distance range of ~10-250 so- 
lar radii (R & , 1 R Q = 6.96 x 10 5 km, 1AU« 215i? Q ) 
and at all heliographic latitudes. It allowed the study of 
the three-dimensional evolution of the heliosphere over 
solar cycles 22 to 24. It may be noted that before the 
upgrade of the feed system of the ORT around middle 
of 1992, everyday IPS measurements were limited to a 
small number of radio sources (^40-50 radio sources). 
The increased sensitivity of the upgraded system how- 
ever enabled the observations of ^300 sources per day 
and this source count steadily increased to the present 
monitoring of a grid of more than 1000 sources per day. 
Currently, the ORT is being upgraded and the number of 
IPS sources observed per day is expected to increase by 
^4 to 5 fold by the end of this year (Prasad & Subrah- 
manya 2011). The regular monitoring of IPS so far made 
at Ooty covers an extended period of more than 2 solar 
cycles and it has led to the detection of more than 3500 
scintillating sources at 327 MHz, over the entire right as- 
cension range. Results on compact component structu re 
of these sources are in preparation (Manoharan 2012). 

3. SOLAR CYCLE CHANGES OF SOLAR WIND DENSITY 

3.1. Scintillation Index and Large-scale Density 
Turbulence 

The degree of interplanetary scintillation is given by 
the scintillation index, m — rms of intensity fluctu- 
ations/mean intensity of the source, which is a mea- 
sure of density turbulence in the solar wind, (m 2 (R) ~ 
J SN 2 (R) dR). Figure 1 shows the scintillation in- 
dex measurements made with the Ooty Radio Telescope 
at 327 MHz in the heliocentric distance range of 10- 
250 Rq on a compact radio quasar 1148-001, for se- 
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Fig. 1. — Scintillation index as a function of distance from the Sun for the radio quasar 1148-001 measured from the Ooty Radio Telescope, 
operating at 327 MHz, over the years 1985-2011. The peak of m — R curve, close to unity, shows that the radio quasar 1148-001 is compact, 
which in fact has an equivalent diameter of ~15 milliarcsec. In each plot, the best-fit to the data points is shown by a continuous curve. 
The shaded portion shown on the plot of year 1988 indicates the radial distance range over which the area has been computed as given in 
equation 1. 



lected years between 1985 and 2011. The above ra- 
dio quas ar has a compact comp onent of size ~15 mil- 
liarcsec (jManoharan et afl [l995). As indicated by the 
peak value of the scintillation index close to unity, the 
compact component of the above source contains more 
than 90% of its total flux density. It is to be noted 
that for a given radio source, the entire scintillation 
index profile, m(R) 1 is attenuated by the brightness- 
distribution function associated with the size of the scin- 
tillating component. Therefore, the peak value of scin- 
tillation can vary between unity and null, respec tively, 
for an ideal point source an d a non-scintillato r (|Colesl 
119781 iManoharan et all Il994t IManoharanl |200H . Since 
in the above plots, the enhanced scintillations caused by 



intense solar wind transient events (e.g., coronal mass 
ejections, refer to Manoharan et al. 2000) have been ex- 
cluded, these plots represent the average condition of the 
ambient density turbulence of the heliosphere at different 
phases of solar cycles 22-24. Moreover, the radio quasar 
1148-001 is an ecliptic source and its IPS measurements 
are confined to the equatorial region of the heliosphere. 
Therefore, Figure 1 represents solar wind changes oc- 
curred in the equatorial belt of the heliosphere. 

In Figure 1, the best- fit to the data points is shown by 
a continuous curve. As shown in the figure, the level of 
scintillation as the Sun is approached, increases to a peak 
value near a distance of R « 40 Rq , and then decreases 
for further closer solar offsets, where the scattering be- 
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Fig. 2. — The area under m 2 (R) profile (equation 1) plotted as 
a function of year. The area has been computed in the weak- 
scattering region in the distance range of 40-200 Rq , as indicated 
by the shaded area shown in Figure 1 (refer to 1988 plot). Dif- 
ferent symbols correspond to different scintillating sources. These 
are strongly scintillating sources, having equivalent diameter <100 
milliarcsec and their compact components contain more than 50% 
of the source total flux density. The continuous line is the segment- 
wise best fit to the data points. It is clear from the plot that the 
deepest minimum of of the solar cycle 23 is revealed by the lowest 
level of density turbulence around middle of 2008. 



comes strong and saturated (e.g., Manoharan 1993). The 
turnover point of the scintillation index moves close to 
the Sun as the observing frequency is increased. How- 
ever for a given observing frequency, it depends only on 
the level of turbulence. In the above log-log 'm-R' plots 
shown in Figure 1, the peak value of scintillation index 
increases or decreases, respectively, in tune with maxi- 
mum or minimum of solar activity. However, in order to 
infer the global characteristics of density turbulence in 
the heliosphere, the area under the best fit m 2 (R) profile 
has been computed for several scintillators as given by, 



A = 



i?.=200i?. o 



m 2 (R) dR. 



(1) 



fl=40fl« 



For each source, the area has been computed in the 
weak-scattering regime (R in the range ~ 40 — 200i?©). 
Since most of the scattering power is contained within 
~ 200 Rq, the above summation provides an average 
quantitative estimate of the large-scale density fluctua- 
tions in the inner heliosphere of radius ~0.2— 1 AU over 
a period of about 6 months. Figure 2 shows the area 
of m 2 (R) curve plotted against the year for 12 compact 
scintillating sources. These sources have been selected 
on the criteria: (i) strong scintillator having the com- 
pact component of size 8 < 100 milliarcsec, (ii) more 
than 50% of the total flux density of the source lies in the 
compact component (or the peak of the scintillation in- 
dex curve is >0.5), and (hi) observations of these sources 
fall in the ecliptic plane (i.e., in the equatorial region of 
the heliosphere). For each source, the computed area 
has been normalized by its average fraction of scintillat- 
ing flux density (i.e., the ratio between the average of 
scintillating component flux obtained from all the avail- 
able observations over the period between 1985 and 2011 
and the total flux density of the source) , which is a value 
between unity and 0.5, respectively, corresponding to an 



ideal compact source and a marginally broad source. In 
Figure 2, the data points in a year show scatter along the 
vertical axis and it is due to the changes in large-scale 
solar activity from one source to the other. Nevertheless, 
a smooth curve has been obtained by making segment- 
wise least-square fit to the data points (refer to thin line 
in Figure 2) and the solar cycle changes are evident in 
the plot. The large-scale density turbulence gradually 
increases from the minimum phase of the solar cycle 22, 
around 1986, and peaks near the consecutive maximum 
around the year 1991. A reduced plasma turbulence of 
~70% level is observed at the minima of both cycles 21 
and 22, respectively, around 1986 and 1996. However, 
the density turbulence levels at the maximum and mini- 
mum of the cycle 23, respectively around 2002 and 2008, 
are observed to be lower than the corresponding values 
observed in the cycle 22. A decreasing trend in the turbu- 
lence level is observed from the year 1990 to 2009. At the 
transition between cycles 23 and 24 (i.e., between years 
2008 and 2009), the density turbulence attains the low- 
est value of the solar cycle 23. A significant broad peak 
seen in density turbulence around the year 2003 is likely 
to be associated with the co-rotating interaction regions 
(also refer to Figure 4), which are caused by the persis- 
tent mid-latitude coronal holes on the Sun (Manoharan 
2010b; Abramenako et al. 2010) 

3.2. Radial Dependence of Density Turbulence 

In the weak-scattering region at R > 40 Rq (re- 
fer to Figure 1), the gradual decrease in the scin- 
tillation with distance from the Sun is linearly re- 
lated to the typical radial fall of density turbulence, 
m 2 - JSN 2 {R) dR ~ JCjf{R) dR, and from sev- 
eral scattering observations in the inner heliosphere, it 
is shown to follow the form, 5N 2 (R) ~ R~ 4 (e.g., 
IManoharan! [1995 IColes et~aTl ll995l:1Colei [19961) . Thus, 
the quantity C%(R) is the measure of mean-square rel- 
ative fluctuation in plasma density, N e (R), and it scales 
the spatial spectrum of density turbulence, Q(q,R) — 
Cfj(R) q~ p , where q is the three-dimensional wavenum- 
ber. In the case of undisturbed solar wind, the spec- 
trum takes the form, &(q,R) ~ q~ 3 - 3 and it gets attenu- 
ated at the high-wavenumber portion by the dissipative- 
scale (or inner-scale) size increasing linearly with he- 
liocentri c distance, S t » (R/Rq) 1 - ^- 1 km at R < ; 
lOO-Rm (IManoharan et"aLlll988t IColes fc Harrnonl 119891: 
iManoharan et al.lll994l : lYamauchi et al.lll998l ). However , 
at larger distances from the Sun, ~100-200 Rq, the in- 
ner scale tends to stay at a const ant value of Si « 100 
km (|Manoharan et al.lll988lll994D . The inner-scale cut- 
off is attributed to occur near the ion (proton) inertial 
scale, which is determined by the local Alfven speed 
and ion cyclotron frequency (e.g..lColes fc Harmonll 19891 : 
IColes et al.1 119911 : IManoharan et al.1 l!994T )~ Therefore, 
the contributions to the overall turbulence spectrum in- 
clude magnetic fluctuations (associated density struc- 
tures) and density fluctuations and their radial changes 
as a function of scale size. 

For example, using log- log plots shown in Figure 1, the 
radial dependence of scintillation can be obtained from 
the linear slope of m — R curve at distances >40 Rq. 
Thus, the radial dependence of scintillation, m = moR~ a 
(mo is the scintillation index at the unit distance from 
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the Sun), corresponds to changes in density turbulence 
with heliocentric distance. The m — R curves of compact 
sources used in Figure 2 have been employed to esti- 
mate the radial fall of density turbulence. For each year, 
the weak-scattering portion of m — R curve (at distances 
> 50 Rq) has been fitted with a least-square straight- 
line fit. The magnitude of slopes (a) obtained from all 
the sources vary between 1.7 and 2.1, with an average of 
~1.8. In the period considered between 1985 and 2011, 
the slopes do not show significant changes in correla- 
tion with the solar cycle. However, marginal changes are 
observed in the radial dependence of density turbulence 
between periods before 2003 and later. In the prolonged 
minimum phase, after the year 2003, the radial fall shows 
an average indolent (or slow) slope of a w 1.7 and a 
steeper slope (i.e., a rs 1.9) is observed for years before 
2003, i.e., over the period of cycle 22 and until about the 
maximum of cycle 23. 

As it was stated in Section 3.1, the integration 
along the line-of-sight would reduce the radial power 
by one unit (Readhead et al. 1978; Manoharan 1993). 
Therefore, the ' distance- density turbulence'' relationship, 
5N 2 (R) ~ i? - ^, is related to the slope of the scintillation 
index curve by 2a + 1 = /3. The steep slope observed, 
a w 2.1, indicates that the density turbulence falls off 
rapidly with distance, which is about 5N e (R) ~ R~ 2G . 
Whereas the value of shallow slope, a « 1.7, suggests 
a typical R~ 22 dependence, which is close to the sym- 
metrically expanding solar wind. These results are in 
agreement wi th the earlier find i ngs obtained for t he so- 
lar cy cle 21 (jManoharanl 119931: IColes et all 119951: iColesI 
1996). The marginally less rapid slope observed in the 
long-deep minimum phase, R~ 22 in comparison to the 
average steep slope of R~ 23 , indicates that the slow fall 
of solar wind is likely linked to the energy and mass fluxes 
associated with the solar wind originating at the base of 
the corona and its interaction with the background flow 
in the inner heliosphere. Thus, the excessive turbulence 
is possibly due to the interacting flows at R > 100i?©, 
largely due to mid and low latitude coronal holes, which 
in fact persisted in the long-decay phase. 

However, the mechanism of observed rapid fall in the 
range, SN 2 (R) ~ J?-" 5 - 4 to 5 >, and its possible influ- 
ence beyond 1 AU are required to be addressed. For 
example, a study of radial dependence of density tur- 
bulence by Bellamy et al. (2005), based on Voyager 
2 spacecraft data, has shown much lesser fall in the 
outer heliosphere. Below 30 AU, small slopes of /3 = 
2.3±0.9 and j3 — 3.3±0.9 are reported, respectively, for 
96-s and 192-s sampling intervals, which correspond to 
spatial scales of about one to two orders of magnitude 
larger than scales probed by the IPS observation. The 
above study also reveals that the level of Cf 4 {R) dras- 
tically changes with the employed sampling rate (i.e., 
probed scale size of turbulence). Thus, at distances be- 
yond 1 AU, the radial dependence of turbulence spec- 
trum, $(g,_R) (also Cjf(R)), shows flattening, enhance- 
ment, and dissipation as function of spatial scales and 
tends to be independ ent of regular expans i on of the back- 
ground solar wind ([Bellamy et al.l 120051 : iHunana et all 
I200J: IZank et al.lll996h . ~ 

3.3. Scattering Diameter of the Corona 



The routine monitoring of IPS at Ooty, on a large num- 
ber of compact radio sources during the period 1985- 
2011, has been used to estimate constant density turbu- 
lence contours at different phases of solar cycles 22 to 24 
(jManoharanl 120061 l2010bl ). At an observing frequency, 
the peak of the scintillation curve, m-R (refer to Figure 
1), depends on the fixed level of density turbulence and 
the heliographic coordinates of several peaks distributed 
around the Sun are useful to find the contour of the 
constant (or same) level of density turbulence (SN e (R)) 
in the heliosphere (e.g., Manoharan 1993; Coles 1978). 
At 327 MHz, the turnover of scintillation occurs around 
^40-R©. In Figure 1, although these are log-log plots, 
a careful examination reveals that the peak point of the 
scintillation curve (i.e., constant value of 6N e (R)) moves 
close or away from the Sun, respectively, at the mini- 
mum or maximum phase of the solar cycle. Therefore 
at 327 MHz, the estimation of m — R curves of several 
ecliptic and out-of-ecliptic sources in a year and their cor- 
responding peaks located at different latitudes (as well 
as heliocentric distances) can provide the trace of con- 
stant level of density turbulence around the Sun in the 
distance range of 30-50 Rq . 

In a year for each source, the average peak of the scin- 
tillation and its heliographic coordinates are obtained 
and plotted around the Sun on a north-east-south- west- 
north radial diagram. As shown in Figure 3, the latitude- 
bin average of peaks at different latitudes and the line 
joining them can provide the constant density turbu- 
lence contour around the Sun (e.g., Manoharan 1993). 
Although this figure includes average constant SN e (R) 
contours for selected years between 1985 and 2011, the 
data coverage was sparse during the solar cycle 22. It 
was due to the fact that in the early days observations 
at Ooty less concentration was given to IPS below 50 
i?© and measurements were mostly limited to the weak- 
scattering regime, > 5Oi?0. However, starting from the 
second half of cycle 22, IPS measurements were carried 
out over the full distance range of 10-250 Rq and they 
enabled the determination of transition of scintillation 
for sources favorably positioned with respect to the Sun. 
In Figure 3, the mean traces of constant level of density 
turbulence indicate that in general at the polar regions, 
the constant level of turbulence is observed closer to the 
Sun than at the equatorial region. It is in agreement that 
at the descending phase of the activity, the low-density 
(i.e., high-speed) streams from coronal holes fill the po- 
lar regions, leading to low level of density turbulence and 
constant 5N e (R) contour moves close to the Sun to com- 
pensate the fall in scattering power at the high-latitude 
region of the corona. However, as the Sun approaches 
towards the minimum of activity, the size of the coronal 
hole i ncreases and extends to mid latitudes (jManoharanl 
[19931 IColes etllllT995l IColeslll996h . In such a phase, the 
density turbulence contour takes a shape close to an el- 
lipse, in which the contour at the mid-latitude part also 
moves close to Sun (Figure 3, refer to 1994-96 plots). 
In the ascending phase, the ratio between poleward and 
equatorial diameters however gradually decreases from 
minimum to maximum phase of the cycle (e.g., Manoha- 
ran 1993; Coles et al. 1995) and the ratio of diameters 
tends to unity at the maximum of the cycle. The solar 
wind flow thus attains a spherically symmetrical flow, as 
revealed by the almost circularly symmetrical distribu- 
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Fig. 3. — Constant 5N e (R) contours plotted on 'north-east-south-west-north' polar diagram for selected years between 1985 and 2011. 
The last plot includes data up to November 2011. In each plot, reference circles are drawn, respectively, at radii 45 and 60 Rq and 30-degree 
latitude sectors are shown by dotted lines. During 2008-09, the scattering diameter of the corona has shrunken to the smallest size and 
the solar activity touched the deepest minimum of solar cycle 23. The increase in the diameter of the contour in the year 2011 evidently 
reveals the progression of cycle 24. 



tion of streamers at the maximum phase of the corona 
observed during the total solar eclipse (e.g., Koutchmy 
et al. 1992). 

The interesting result of this study is that after about 
the year 2003, the overall scattering diameter of the 
corona has gradually decreased with respect to the center 
of the Sun and a given level of turbulence has steadily 
moved close to the Sun at all latitudes. The diameter 
of contours during the years 2007-2009 appear symmet- 
rical, but much smaller than the contours observed in 
the cycle 22. The typical radial dependence of turbu- 



lence, Cjj (R) ~ i?r 4 to R~ 4A , suggests that the scat- 
tering has remained nearly same at low-latitude regions 
between 1995 and 2003, but, steadily decreased to ^60% 
level around middle of 2009, where the deepest minimum 
of cycle 23 was observed. The shrinking of scattering di- 
ameter of the corona is in agreement with the measured 
level of scintillation displayed in Figure 2, which also 
shows the overall gradual reduction in scattering power 
between the years 1986 and 2010. The equatorial diame- 
ter starts to increase between 2010 and 2011, indicating 
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Fig. 4. — Helio latitudinal distribution of solar wind density turbulence as a function of year. This image has been made by allowing 
data in the heliocentric distance range of 75-125 Rq and it shows the condition of the heliosphere at the midway between the Sun and 
Earth. The distribution of density turbulence shows remarkable change between minima of solar cycles 22 and 23. 



the onset and progress of the solar cycle 24. The steady 
and significant long-term trend of shrinking of scattering 
power of heliosphere means a natural reduction in supply 
of mass and energy at the low corona. 

3.4. Latitudinal Distribution of Density Turbulence 

At Ooty, IPS on a source is measured at different so- 
lar offsets. For each source, the scintillation index plot 
(m(R)) in a year, as plotted in Figure 1, can be least- 
square fitted with an average curve. The ratio between 
the observed and expected (or fitted) indexes at a given 
heliocentric distance, g = observed scintillation/ average 
expected scintillation, can be used to assess the level of 
density turbulence of the slowly varying solar wind struc- 
tures in compariso n with the ambien t (or background) 
solar wind plasma (Manoharan 2006). The above nor- 
malized scintillation index, g, is independent of system- 
atic fall of m with solar offset and source-size attenua- 
tion. For example, a value of the normalized index close 
to unity (g rs 1) represents the undisturbed (or back- 
ground) condition of the solar wind, g > 1 corresponds 
to the enhanced level of density turbulence, and, g < 1 
indicates the reduction of turbulence in the solar wind. 
An IPS measurement is therefore sensitive to detect even 
a small fractional change in the density turbulence and 
the routine monitoring of IPS on a grid of sources can 
easily detect the large-scale st ructures over a given pe- 
riod of time (|Manoharanll2006l ) . 

For each source, the best fit to m — R curve of a given 
year is estimated and it is used to eliminate the intense 
transients caused by the CMEs. The transients removed 
data sets of a given source, available for the period be- 
tween 1985 and 2011, are then combined and the overall 
least-square fit is computed. Thus, the value of g ob- 
tained from the fitted curve and each observed scintil- 
lation index allows an easy comparison of levels of tur- 
bulence measured on a number of IPS sources at differ- 
ent time periods and it enables the detection of slowly 



varying large-scale density structures in the solar wind. 
Figure 4 displays the 'latitude-year' plot constructed 
from the normalized scintillation index estimates ob- 
tained from the continues Ooty IPS measurements be- 
tween 1989 and later part of 2011 (Mano haran et all 
120001 120011: lManoharanll2006D . In a broad sense, this plot 
resembles the ' sunspot butterfly^ diagram and reveals the 
major large-scale structural changes of the heliosphere 
occurred through solar cycles 22 to 24. Since the den- 
sity turbulence (SN^) and g are linearly related only in 
the weak-scattering region, which typically occurs at dis- 
tances >40 Rq for IPS at 327 MHz (e.g., Manoharan 
1993), in the above image we have employed measure- 
ments made in the distance range of 75-125 Rq. There- 
fore, the above latitudinal plot represents the density 
turbulence of the inner heliosphere at a radius of about 
midway between the Sun and the Earth. 

The above density turbulence image shows several in- 
teresting features. The high-latitude streams from coro- 
nal holes arc always associated with low-density tur- 
bulence (E^LESliiliMil iManaharaBIIlH- The 

drifting of large-scale structures from high to low lati- 
tudes, seen as intense vertical bars (refer to Figure 4, be- 
tween years 2000 and 2004), are likely due to the migra- 
tion of medium to large-size coronal holes from polar to 
low-latitude corona. The high-speed streams from these 
coronal holes interact with the low-speed wind, causing 
the density compression and resulting in increased turbu- 
lence in front of the high-speed flow. The interaction is 
rather efficient at low and mid-latitudes, where the speed 
difference between low and high-speed flows is significant, 
but, it weakens with increasing latitude (e.g., Gosling et 
al. 1995). The spread of high-density features, which are 
limited to mid-latitude region (^±40°) at the minimum 
phase and much wider (>60°) during the maximum, are 
consistent with the tilt angle of the neutral line (refer 
to Figure 7). The neutral line on the source surface of 
the Sun divides regions of opposite polarities. It is swept 
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Fig. 5. — Helio lat itudinal distribution of Thomson-scattered brightness observed at 2.5 Rq by the LASCO-C2 coronagraph 
(Brucckncr ct al. 1995), as a function of year. The brightness represents the coronal density. At the minimum of solar cycle 22 around 
the year 1996, the density above the equatorial closed-field corona was much intense as well as narrow in latitudinal spread, suggesting a 
nearly-dipole configuration of the coronal field. Whereas, in the long-decay minimum phase, the density was rather low along the equatorial 
belt and it occupied broader latitude range. These results are in agreement with IPS measurements. 



radially outward by the solar wind and forms the he- 
liospheric current sheet (HCS). At the time of polarity 
reversal, the amplitude of HCS extends to high latitudes, 
suggesting a complex closed magnetic field topology, re- 
sulting between the coronal holes and active regions. For 
example in Fig ure 4, the disappearance of the solar wind 
(|Lazarusll2000f) , shown by the vertical low-density struc- 
ture around middle of 1999, is consistent with the com- 
plex as well as a rather closed-field corona to confine the 
plasma, as the Sun approaches towards the peak of the 
cycle 23 (Figure 7). 

The other interesting feature in Figure 4 is the co- 
rotating interaction regions (CIRs) dominated helio- 
sphere resulted from the persistent large coronal holes 
in the latitude range of ±45°, as shown by the ver- 
tical intense density structure caus ed by the moder- 
ate compression during 2003-2004 (jZhang et al.l 120081: 
lAbramenako et aLll2010D . In this period, each solar rota- 
tion possessed more than one heliospheric current sheet, 
running almost parallel to the latitude axis, increased the 
possibility of interaction between low- and high-speed 
streams. These interactions caused weak to moderate 
storms at the Earth during 2003, as indicated by the 
geo- magnetic disturbance index, Ap (refer to Figure 9). 

The density distribution in the maximum phases of so- 
lar cycles 22 and 23, respectively centered around years 
1991 and 2001, shows rather remarkable differences. The 
low- and mid-latitude regions of the heliosphere near the 
maximum of cycle 22 were associated with high-density 
structures. Whereas the large portion of the heliosphere, 
even at the maximum of cycle 23, was occupied by a rel- 
atively low-density plasma, as was indicated by the den- 
sity turbulence contours (refer to Figures 2 and 3). It 
is also interesting to note large differences in low-density 



plasma turbulence at the polar regions near the minima 
of cycles 22 and 23. During years 1996-1997, the low 
level of turbulence was confined to latitudes above 45° in 
the north and south hemispheres. In the prolonged min- 
imum period, during years 2006-2009, the density was 
much lower than that of the previous minimum as well 
as it occupied a broader latitude range extending from 
high to low latitudes. The low-density plasma prevailed 
the large portion of the inner heliosphere around the un- 
usual deep minimum phase and it is in agreement with 
the corresponding shrinking of scattering diameter of the 
corona (Figure 3). The density distribution observed af- 
ter about the year 2010 indicates that the heliosphere is 
gradually climbing towards the maximum phase of the 
solar cycle 24. The rate of increase of density to high 
latitude in the north pole seems to be faster than that 
observed at the south pole, suggesting that the solar cy- 
cle 24 tends to approach a near-maximum phase in the 
northern hemisphere. 

3.5. Density Distribution in the near-Sun Corona 

Ooty density turbulence results are consistent with 
the brightness measured from the Thomson-scattered 
white-light in the near-Sun region. Figure 5 shows the 
'latitude-year' image of the white-light, which is associ- 
ated with the density of free electrons, measured at 2.5 
Rq above the east limb of the Sun, for the period starting 
from the launch of LASCO coronagraph to nearly mid- 
dle of the year 2011 (refer to Brueckner et al. (1995) for 
details on LASCO coronagraph). As shown by the IPS 
data, the heliosphere was prevailed by low density during 
the prolonged minimum of the solar cycle 23. The latitu- 
dinal extents of large-scale low density structures in the 
mid- and high-latitude regions are also agreement with 
the IPS density turbulence distributions. The intense 



3-D Changes in Solar Wind - Solar Cycles 22 to 24 

Ooty IPS Solar Wind Speed 




km/sec 

■ 800 



600 



400 



1990 



1995 



2000 



2005 



2010 



YEAR 

Fig. 6. — (a) Helio latitudinal distributions of solar wind speed obtained from Ooty IPS data plotted for years 1989-2011. This image 
has been made by tracing backward/forward from the measurement location onto a sphere of radius ~125 solar radii. At the minimum of 
solar cycle 22, the effects of high-speed wind were observed from poles up to about ~30° latitudes. But, in the prolonged minimum, the 
high-speed streams were located close to poles. 



density structure observed on the IPS image, associated 
with CIRs generated by the mid- and low-latitude coro- 
nal holes around 2003, is represented on the LASCO im- 
age by a less-brightness stripe, which provides evidence 
for the low-density wind originating above the coronal 
hole and in particular, not yet developed interaction as 
well as compression at the closer solar offset. In the 
minimum phase of cycle 23, the long-lived coronal holes 
observed during 2003, might have a more direct involve- 
ment in shaping t he magnetic state of coron a at the deep 
minimum phase (jAbramenako et all 120101) . The three- 
dimensional distribution of Lyman-a brightness, which 
reflects the ionization of the neutral gas by the solar 
wind, also in agreement and showed a latitudinal dis- 
tribution similar to the above shown density turbulence 
and density images, respectively, displayed in Figures 4 
and 5 (Lallement et al. 2010). The onset of the solar 
cycle 24 in the year 2009 and the gradual increase in the 
latitudinal extent of high density wind to higher latitude 
between 2010 and 2011 (particularly at the north-pole 
side) are evident in Figure 5. However, as indicated by 
the density turbulence (Figure 4), the southern hemi- 
sphere seems to progress slower than the northern part. 

4. SOLAR CYCLE CHANGES OF SOLAR WIND SPEED 

For an IPS observation in the weak-scattering regime, 
a suitable calibration of the temporal power spec- 
trum of intensity fluctuations, having sufficient signal- 
to-noise ratio (i. e., >15 dB), can provide the speed of 
the solar wind (Manoharan & Ananthakrishnan 1990; 



Manoharan et all 120001: iTokumaru et all 119941 120111: 



Yamauchi et"afl Tl9'96. 1998: iLiu et all 120101 ) . Figure 6 



shows the 'latitude-year' distribution of solar wind speed 
estimates obtained from the IPS data collected from the 
Ooty Radio Telescope, as it was displayed in the plots of 
density and density turbulence (Figures 4 and 5). Dur- 
ing the minimum of solar cycle 22, polar regions were 



dominated by high speed streams in the range ~700- 
800 km s _1 , from open-field coronal holes and low and 
variable flow speeds, <450 km s" 1 , were observed at 
the low- and mid-latitude regions of the complex /closed 
field corona (IPhillips e t all 119951: r McComas et~afl 12008 
ISmith fc Baloghll2009f) . The striking features in this im- 
age are (i) confined period of minimum for cycle 22, cen- 
tered around year 1996 and the high-speed wind (or the 
extension of coronal holes) observed from poles to mid- 
latitude region of ~ ±30°, and (ii) in contrast, the ef- 
fects of minimum of cycle 23 was stretched over a long- 
period of time and the width of the high-speed belt was 
limited to latitudes higher than 60° in north and south 
poles; a deep minimum- like condition was observed be- 
tween years 2008 and 2009, during when the extent of 
high-speed belts at the north and south poles were lim- 
ited between the poles and ~60° latitudes. Further, the 
speed originating above them has been considerably re- 
duced. The low-speed solar wind distribution, along the 
equatorial belt, seems to be highly variable in the range 
300-500 km s _1 , and the 'disappearance of solar wind' 
(i.e., extremely low density and speed) occurred in the 
early part of the year 1999 as well as the coronal- hole 
dominance in the mid-latitude region of the heliosphere 
during 2003 are evidently revealed. 

Figure 7 shows the smoothed plots of tilt angle of the 
magnetic heliospheric current sheet (HCS), and strength 
of polar magnetic field. For reference, sunspot number 
and radio flux density at 10.7 cm are also included in 
this figure. The magnetic field data sets have been ob- 
tained from the Wilcox Solar ObservatorjQ and the solar 
activity indexes are from Solar Geophysical Data Cen- 
tei0. These plots cover a period from 1985 to the later 
part of 2011, i.e., solar cycles 22 to 24. The large-scale 



1 http://wso.stanford.edu 

2 http://www.ngdc.noaa.gov/stp 
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Fig. 7. — The stack plot shows solar activities (i.e., sunspot num- 
ber and solar radio flux density at 10.7 cm), intensity of polar mag- 
netic field, and tilt angle of heliospheric current sheet (HCS). The 
reduction in the strength of the polar fields is evident after the 
reversal of the field around the year 2000. 



magnetic field, shown by the amplitude of current sheet 
during years 2004-2008, resembles a corona of complex 
field, but with the reduced activity. The remarkable in- 
crease in the latitudinal width of low-speed flow during 
the extended minimum of cycle 23 is directly linked and 
in good agreement with the observed polar field strength 
and warping of the current sheet, which is caused by 
the extension of global field from the Sun into the inter- 
planetary medium. The solar wind speed distributions 
observed for solar cycles 22 and 23 correlate, respectively, 
with the polar field strength of —100 to 50^T. Thus, the 
magnetic field has been weak by —40-50% in the mini- 
mum phase of cycle 23 than that of cycle 22 (Figure 7). 
The magnetic pressure associated with the polar coronal 
holes consequently seems to play a significant role in the 
acceleration of high-speed wind. The weak field may be 
due to the fact that the polar field has not fully developed 
after the field reversal between 2000 and 2002 (Figure 7). 
It was reported that the Sun went through a period of 
large number of 'sunspot-free' day^Q (more than 800 days 
between 2006 and 2009, in comparison with —300 days of 
'spotless' days in the minimum of cycle 22). Moreover, 
at the extreme minimum phase of cycle 23, the solar 
wind distribution around the equatorial belt as well as 
the tilt angle (refer to Figure 7) suggest that the mag- 
netic field of the Sun did not approach the expected 
dipole geometry, as it did for the minimum phas e of cy- 
cle 22 ^Wlxetlll [HI l^k^ameFaD ISSU . The 
weakening of the large-scale coronal field has also been 
revealed by the weak emission of Fe XIV green line at 
A5303 A (|Rvbanskvet al.ll2"005t) . Additionally, Ulysses 
and near-Earth observations (Figures 8 and 9) made over 
the solar cycles 22 and 23 are in good agreement with 
speed and density distribu tions presented in the pr evious 
sections (jMcComas et all I2008t ISmith fe Bai ogh 2009; 
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Fig. 8. — Daily averages of the magnitude of interplanetary mag- 
netic field and solar wind speed at the orbit of Ulysses as a function 
of year, around minimum phases of solar cycles 22 and 23. Close 
tracking of location of Ulysses on the heliosphere, for these two 
passes, clearly shows (i) significant reduction in equatorial flow 
widths, (ii) rapid decline in speed, and weaker field at minimum of 
cycle 23 than that of corresponding previous minimum of cycle 22. 



i http://sidc.oma.be/sunspot-data/ 



iLee et af] 12009( 1 . Figure 8 shows the daily averages of 
the magnitude of interplanetary magnetic field and solar 
wind speed, as measured by Ulysses spacecraft around 
minima of solar cycles 22 and 23. Ulysses measurements 
evidently show an overall reduction in field strength, den- 
sity, speed, as well as the increased width of the equato- 
rial flow and poleward shrinking of the high-speed wind 
for the similar latitudinal and heliodistance passes of cy- 
cles 22 and 23. The lack of sunspots activity governing 
the radiative energy from Sun, in combination with the 
weakening of the interplanetary field and turbulence, al- 
lowed the penetration of cosmic rays at the minimum 
phase of cycle 23 by more than -20% than at 1997-1998 
period (Mewaldt el al. 2010). 

As observed in density and density turbulence plots 
(refer to Figures 4 and 5), the speed distribution plot 
(Figure 6) also shows that after the onset (i.e., in the 
ascending phase) of solar cycle 24, starting from middle 
of 2009, the changes observed in the distribution of high- 
speed solar wind at the north and south polar regions 
are different. In particular, at the later part year 2011, 
the high-speed belt at the northern region has moved al- 
most close to the its pole. However, in the southern part, 
it has remained nearly unchanged. It suggests that the 
area of the northern coronal hole associated with the high 
speed wind has reduced and shrunk close to the north 
pole. In other words, the increase in the solar activity 
(i.e., vanishing of source of high-speed wind) is signifi- 
cant at the northern hemisphere and indicates nearly (or 
close to) the maximum phase of cycle 24. It is consistent 
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Fig. 9. — Plots of 27-day average of solar wind proton speed and flow directions (i.e., latitude and longitude in degree), number density, 
temperature, dynamical flow pressure, magnitude of interplanetary magnetic field, and ratio of alpha particle to proton densities, as a 
function of year. The geo-magnetic index, Ap, is shown in the bottom plot. The yellow shades show CIR dominated period during the 
minimum of cycle 23. The vertical dotted lines indicates the deep minimum phase of cycle 23. 



with the yearly average values of flare indesfj observed at 
northern and southern hemispheres over the year 2010, 
respectively, 0.26 and 0.12. The northern hemisphere 
of the Sun was 2 times more active than the southern 
hemisphere. 

5. SOLAR CYCLE CHANGES AT NEAR-EARTH SPACE 



Figure 9 shows the 27-day average of 1-AU measure- 
ments of solar wind proton speed and its flow directions 
(i.e., latitude and longitude), number density, tempera- 
ture, dynamical flow pressure, magnitude of interplane- 
tary magnetic field, and ratio of alpha particle to pro- 
ton densities, observed between years 1985 and 2011. A 
plot of geo-magnetic index, Ap, is also included in the 
figure. These data sets have been extracted from the 



1 ftp : I /i tp . ngdc . noaa . gov/STP/S0LAR_DATA 
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NASA/GSFC's OMNI data baseQ. It is evident that in 
the near-Earth region, the solar wind dynamical pressure 
started to decrease after the maximum phase of cycle 22 
(after about year 1992), to a deep minimum during the 
years 2008-2009. Although there was a moderate en- 
hancement in the solar wind pressure at the maximum 
of cycle 23, it was however nearly 40% lower than the 
corresponding increase observed at the previous activity 
maximum. In the long decay phase of cycle 23, the in- 
ter comparison of results from previous sections with 1— 
AU measurements of solar wind speed, proton and alpha 
particle densities, temperature, pressure and interplane- 
tary magnetic field suggests that the reduction in density 
and magnetic energy of the solar wind streams has or- 
ganized the heliosphere. Thus, the energy of the solar 
wind started to decrease after the maximum of the cycle 
22 and continued up to the transition between cycles 23 
and 24. 

In Figure 9, there are two interesting periods, 1993- 
1994 and 2003-2004, in which the presence of equatorial 
coronal holes dominated the solar wind flow. They are 
prominently seen as enhancement in speed and temper- 
ature, and depletion in density. The period, 2003-2004, 
is shown in shade on plots of speed, density, tempera- 
ture and corresponding geo-magnetic index. As revealed 
in the speed and density turbulence images (Figures 4 
and 6), the corresponding interaction between the high- 
speed wind from low-latitude coronal hole and ambient 
(or background) low-speed wind has resulted in compres- 
sion region and led to increase in density turbulence (re- 
fer to Figures 4 and 6). The period of coronal hole domi- 
nated low-latitude solar wind was shorter during the cy- 
cle 22 than that of cycle 23, in which the solar wind in- 
teractions have caused moderate to strong geo-magnetic 
activities as recorded by Ap index. 

The presence of equatorial and mid-latitude coronal 
holes and their evolution during the years 2003-2004 
have likely caused the changes observed in the flow di- 
rection of the solar wind. In Figure 9, the second plot 
from the top shows the flow longitude and latitude. The 
solar wind longitude, during years 1985 to 1999, did not 
show systematic variation with the activity of the Sun. 
Whereas the quasi-periodic oscillations of amplitude ~2- 
4° observed in the solar wind flow latitude were likely 
caused by the latitudinal warping of the heliospheric cur- 
rent sheet. In contrast, the regular variations in flow 
latitude and longitude (~3-4°) between 1999 and 2003 
show that the flow direction exhibits cyclic changes in 
the west-north-east-south direction. The mean period of 
oscillation is ^6 month, which indicates a cyclic behavior 
linked to the slow changes (>27-day period) of large-scale 
structures of the source of the solar wind. However, the 
above cyclic pattern of solar wind flow direction disap- 
pears between 2003 and middle of 2004, in coincidence 
with the duration of the high-speed wind caused by the 
large mid-latitude coronal hole. But, it appears back in 
the later subsequent time and the solar wind flow ge- 
ometry changes to a reversed opposite cyclic behavior of 
east-north-west-south pattern. 

In the ascending phase of solar cycle 23, after the 
year 1994, the dominance of equatorial coronal holes dis- 
appeared, the solar wind flow direction switched from 

5 http : //omniweb . gsf c . nasa . gov/ 



largely north pointing to equatorial flow. It implies that 
the large-scale magnetic field averaged over a solar rota- 
tion, with respect to the heliospheric equator, has gone 
through a systematic reversal during the ascending phase 
of the solar cycle. In the case of solar cycle 23, the per- 
sistence of the cyclic pattern from 2004 to 2011 indicates 
the continued presence of large-scale magnetic configura- 
tion of complex field, which may be caused by the group 
of long-lived small coronal holes of opposite polarities in 
the low-latitude region of the Sun. Thus, the net ef- 
fect of formation and decay of coronal holes, as a result 
of magnetic reconnection b etween global and active re- 
gion fields (jFox et al.lll998| ). essentially has determined 
the magnetic field configuration of the corona and he- 
liosphere as well as t he rate of occurrence of CIRs and 
associated transients (Zhang ct al. 2008; Yashiro 2005). 

6. DISCUSSION AND SUMMARY 

This paper presents the analysis of three-dimensional 
evolution of large-scale structures of solar wind density 
turbulence and speed at different levels of solar activity 
between 1985 and 2011, which includes solar cycles 22 to 
24. The long-term IPS observations obtained from the 
Ooty Radio Telescope at 327 MHz, supplemented with 
other ground- and space-based measurements, show that 
the solar cycle changes in the solar wind are significantly 
different between cycles 22 and 24. The main results of 
this study are as follow: 

(1) The value of density turbulence in the inner- 
heliospheric region was the highest at the maximum of 
solar cycle 22 (around the year 1991) and decreased to a 
level of ~70% in the subsequent minimum phase (around 
the 1996). A similar reduced trend was also observed at 
the transition phase between cycles 21 and 22 (around 
the year 1986). 

(2) However, at the deepest minimum of the cycle 23 
at 2009, the density turbulence decreased to a level of 
~30% in comparison to the highest level observed at the 
maximum of the cycle 22 at 1991. It indicates that during 
the long decay phase of cycle 23, the source region of the 
solar wind on the Sun has experienced severe deficiency 
in energy as well as density. 

(3) The important result of this study is that the scat- 
tering diameter of the corona (i.e., density turbulence 
contours displayed in Figure 3) has steadily decreased 
after about 2003 and attained the smallest size during 
middle of 2009. For a typical radial fall of scattering 
power, i?~ 4 to R~ 4A , it suggests a reduction of more 
than 60%. The gradual decrease in the scattering power 
of the corona is consistent with the globular downward 
changes observed in the strength of solar magnetic field, 
leading to a reduction in the supply of mass and energy 
at the base of the corona and into the heliosphere. 

(4) The three-dimensional results of solar wind speed 
also show remarkable changes in the latitudinal distri- 
butions of high- and low-speed flows between solar cycle 
22 and 23. For example, the source region of high-speed 
wind (i.e., ^700-800 km s _1 ) at the minimum of cycle 
22 was wide in latitude and extended from poles to mid 
latitudes of -30°. However, during 2006-2009, the high- 
speed regions were narrow in latitude and confined close 
to the poles. Thus, in the long-decay phase of cycle 23, 
the heliosphere encountered a net decrease in solar wind 
speed at most of the latitudes. 
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(5) Both speed and density turbulence distributions 
obtained from IPS are consistent not only with the reduc- 
tion of solar activity but, also relatively complex corona 
for most of the minimum phase of the cycle 23. Results 
on the latitudinal spread suggest that the solar corona 
did not reach the simple "dipole" shape often observed 
during solar minima, while low-latitude coronal holes 
and their associated co-rotating high-speed solar wind 
streams persisted until the deepest minimum and caused 
large amplitude HCS, which heavily modulated the solar 
wind and opposed the formation of dipole-shaped corona. 

(6) The results from IPS and LASCO confirm the on- 
set and growth of the solar cycle 24, starting from about 
middle of 2009. It is interesting that the high-speed wind 
(also high-density plasma) at the northern side has al- 
most moved close to the pole, indicating a reduced area 
of the coronal hole at a phase similar to nearly approach- 
ing maximum phase of the cycle. But, in the southern 
hemisphere, the activity has yet to develop. The ques- 
tion that how far the maximum of the current cycle will 
rise. 

In the decay phase of cycle 23, the reasons for the re- 
duction in global field strength, density, and flow speed 
are possibly due to changes in the movement of large- 
scale fields, as the reversal of polarity progresses. It 
corresponds to the rate of poleward and equator-ward 
meridional flows, which act as the conveyor belt in trans- 
porting magnetic flux (i.e., plasma and frozen in mag- 



netic field) at the solar interior. In the deep minimum 
phase, the weak fields observed at the poles are likely 
to be associated with the transport of unbalanced flux 
by the meridional flow and a faster flow rate (relative 
to diffusion) will result in less unbalanced flux in each 
hemi sphere as well as causes weaker fields at the poles 
fe.g JSheelevll2010h . 
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